1. Plastid and mitochondrial preparations were obtained by density-gradient centrifugation of homogenates made by gentle disintegration of avocado fruit mesocarp and cauliflower bud tissue. 2. The mitochondrial preparations had respiratory activity but did not incorporate [1-14C] acetate into fatty acids. 3. The plastid preparations incorporated [1-14C] acetate into the range of fatty acids found in the parent tissue. No fatty acid synthetase activity could be detected in the 12000g supematant of these homogenates. 4. Homogenates produced by rupture of the tissue in an Ato-Mix blender and plastid preparations disintegrated by ultrasonic treatment both had fatty acid synthetase activity which did not sediment at 105000g and which formed mainly
[14C]stearate from [2-14C]malonyl-CoA. 5. It is concluded that the plastids are the principal site of fatty acid biosynthesis in the tissues studied.
The present view of the site of fatty acid biosynthesis within the cells of higher plants is confused and the evidence in some respects is contradictory. The first observations of fatty acid biosynthesis in higher plants with cell-free preparations were made by Sisakyan & Smirnov (1956) who reported the incorporation of [1-14C] The study of the biosynthesis of fatty acids in subcellular fractions derived from photosynthetic tissue was carried a stage further by Smirnov (1960) who showed light-stimulated incorporation of (1-14C] The biosynthesis of fatty acids by non-photosynthetic plant tissues was investigated further by Mudd & Stumpf (1961) . A homogenate was obtained by grinding avocado mesocarp in a mortar; particles sedimenting from this homogenate at 2000-6000g displayed considerable fatty acid synthetase activity Vol. 146 when [1-'4C] acetate was the substrate; particles sedimenting at 15000g had much less fatty acid synthetase activity, and the supernatant had no detectable synthetase activity with the same substrate. It was, however, noted that, whereas oleate formed about 70% of the total fatty acids of the avocado mesocarp, only about 30% of the total (1-_4C]acetate incorporated into fatty acids was incorporated into oleate by the active particles. Barron et al. (1961) prepared an extract of an acetone-dried powder of a particulate preparation, similar to that of Mudd & Stumpf (1961) , which incorporated [1-_4C]acetate, [1-_4C] acetyl-CoA and [1,3-_4C]malonyl-CoA into fatty acids. The parent particulate fractionfrom which the extract was made was reported to sediment at 15000g, to have tricarboxylate-cycle activity, and to carry out oxidative phosphorylation. Yang & Stumpf (1965) reported that a supematant fraction of an avocado-pear homogenate prepared in a Waring blender incorporated [1,3-_4C] Overath & Stumpf (1964) showed that a fatty acid synthetase preparation obtained by (NH4)2SO4 fractionation of the particle-free supernatant of the avocado-pear homogenate was dependent on a heatstable factor from the supematant. This factor could be replaced by a similar factor from the Escherichia coli fatty acid synthetase system. Subsequently Simoni et al. (1967) obtained an acyl-carrier-protein preparation from the avocado pear that stimnulated a spinach chloroplast fatty acid synthetase activity. Harwood & Stumpf (1972) have reported that the particle-free supernatant obtained by centrifuging at 15 OOOg a homogenate of the avocado mesocarp prepared in a Potter homogenizer was almost completely dependent on the addition of acyl-carrier protein for the demonstration of fatty acid synthetase activity.
From the above and from numerous other reports it might be concluded that fatty acid biosynthesis occurs in plants in at least three different subcellular locations. In photosynthetic tissues, isolated chloroplasts have been found to incorporate acetate into fatty acids, although whether preparations actively fixing CO2 do this has been disputed (Everson & Gibbs, 1967; Boardman & Stumpf, 1970 ). Preparations described as mitochondrial have been found to form saturated, and to a much smaller extent unsaturated, fatty acids from acetate and acetyl-CoA, but the respiratory activities of these preparations have not been described in detail. Particle-free supernatants synthesize fatty acids from malonate and malonyl-CoA by using an enzyme system that appears to use acyl-carrier protein like the bacterial system. These preparations, however, appear to forn saturated fatty acids only from malonyl-CoA or malonate and cannot utilize acetate or acetyl-CoA.
In view of this apparently complex situation the work reported in the present paper was undertaken to investigate the credibility of the attribution of synthesis of fatty acids de novo to the mitochondrial and cytoplasmic components of the cells of nonphotosynthetic tissues of higher plants. Some of the observations described in this paper have been outlined in a preliminary communication (Weaire & Kekwick, 1970 Simon & Shemin (1953) as modified by Higgins & Kekwick (1973) . [2-14C]Malonyl-CoA (8p. radioactivity 0.2mCi/mol) was prepared from [2-14C]malonic acid by the procedure of Trams & Brady (1960) and was purified by the procedure of Higgins & Kekwick (1973 Avocado preparations. Crude mitochondrial preparations were prepared from the mesocarp of the avocado pear (Persea americana) by the method of Hobson et al. (1966) . The fruit was chilled at 4°C, peeled, and the seeds were removed. Chilled mesocarp tissue (120g) was passed through a plastic vegetable grater, having holes 6mm in diameter, into 240ml of a grinding medium, containing 0.3M-sucrose, 20mM-Tris-HCI buffer, pH7.2, 20mM-potassium phosphate buffer, pH7.2, 4mM-N-acetylcysteine, lOmM-KCI, 0.5mm-EDTA and 0.75mg bovine serum albumin/ml. The tissue was dispersed by gentle stirring and was filtered through three layers of surgical gauze. The filtrate was centrifuged at 15OOg for 15min and the supernatant removed, and centrifuged at 120OOg for 20min. The pellet thus obtained was resuspended in a suspending medium (5.Oml) of the same composition as the grinding medium except that N-acetylcysteine was omitted. This crude mitochondrial preparation was used for the initial studies of ADP-controlled respiration of tricarboxylate cycle intermediates and fatty acid biosynthesis.
Purified mitochondrial and plastid preparations were obtained from this preparation by centrifugation on a discontinuous sucrose density gradient by the procedure of Baker et al. (1968 grease supported on celite (80-120mesh). The mass peaks were identified by comparison with reference fatty acids. The radioactive fatty acids were trapped on glass wool in a Packard automatic gas fraction collector. The traps containing the separated fatty acid methyl esters were assayed for radioactivity by scintillation counting (see below). The average recovery of radioactivity was 85 %.
To investigate the labelling pattern of fatty acids, the purified acids were degraded by the Schmidt (1923) reaction by the procedure of Madsen et al. (1964) . A known amount of purified radioactive fatty acids was dissolved in light petroleum (b.p. 40-60'C) and the solvent was evaporated in the reaction vessel in a stream of N2. The reaction vessel consisted of a 25ml round-bottomed flask fitted with a side arm to which was attached a small CaCl2 tube containing glass wool. The glass wool was impregnated with a solution of 1.OM-Hyamine hydroxide in methanol mixed with methanol and toluene (1:2:3, by vol.). Sodium azide (50mg), followed by 0.5ml of a mixture of fuming and conc. H2SO4 (1:3, v/v), was introduced into the reaction vessel which was then immediately closed. The vessel was heated at 60°C for 1.5h and N2 was flushed through the apparatus for 1Omin. The CaC12 tube was removed and the contents were washed into a scintillation vial with lOml of the phosphor toluene solution (see below) and 5ml of light petroleum (b.p. 40-60°C). The recoveries of "4CO2 from chemically synthesized [1-14C]palmitic acid and [I-1'C]oleic acid were from 99.8 to 100% and 87 to 95 % respectively.
Protein determination. The protein concentration of the subcellular preparation was determined by the biuret method of Gornall et al. (1949) after the removal of interfering pigments. A I ml portion of the incubation mixture was treated with 0.5ml of 10% (w/v) trichloroacetic acid and the mixture was extracted with an equal volume of diethyl ether; the ether layer was separated by centrifugation and removed. The protein layer at the interface was dispersed in the aqueous layer, centrifuged down and the supernatant was removed. The protein precipitate was dissolved in 1 ml of 2M-KOH and treated with 4.0ml of biuret reagent.
Measurement of oxygen uptake. The respiratory activity of mitochondrial preparations was measured polarographically by using a Clark oxygen electrode (Yellow Springs Instrument Co., Ohio, U.S.A.) adapted for following mitochondrial respiration by the procedure of Chappell (1964) . The respiration medium was that of Hobson et al. (1966) and contained 0.25M-sucrose, lOmM-Tris-HCl buffer, pH7.2, 10mM-potassium phosphate buffer, pH7.2, 5mM-MgCl2, 0.5mM-EDTA and 0.75mg of bovine serum albumin/ml. Mitochondria were added to the reaction media at 37°C followed by succinate or other tricarboxylate-cycle intermediates to a final concentration of 20mM. The addition of ADP to give a concentration of 0.2mM resulted in the mitochondria being in steady state 3 as defined by Chance & Williams (1956) . The rate of ADPstimulated respiration of succinate was used as an index of mitochondrial respiratory activity.
Incubations. Each incubation mixture contained 0.3 ml of subcellular preparations, 2,umol of MnCI2, 200nmol ofNADH, 200nmol ofNADPH, 30,umol of HCO3-, 50nmol of CoA and lO,umol of ATP in a total volume of 1.5ml of the standard suspending medium (see above). The concentration ofradioactive substrate present is given after each experiment in the Results section. The mixtures were incubated at 30°C for 1 h. The reaction was stopped by the addition of 0.1ml of 2M-HC1 followed by 6.Oml of chloroform-methanol (1:2, v/v) and the lipids were extracted by the modified Bligh & Dyer (1959) procedure (see above). Assay of radioactivity. The 14C content of isolated lipids was assayed in a ,B scintillation spectrometer by the methods as previously described by Higgins & Kekwick (1973) .
Electron microscopy. Samples of mitochondrial and plastid preparations were prepared for electron microscopy by a procedure similar to that described by Baker et al. (1968) for avocado mitochondria. Samples were taken from the centre of centrifuged pellets containing the organelle and fixed for 2h in 2.5 % (w/v) glutaraldehyde dissolved in the standard suspending medium. The fixed pellets were then washed with suspending medium and post-fixed with 1 % osmium tetroxide dissolved in the suspending medium. The samples were then washed, dehydrated with alcohol and embedded in 'Araldite' resin. Embedded samples were blocked out in gelatine capsules with Araldite resin, and were sectioned with an ultramicrotome. Sections were examined with an A.E.I. EM6 electron microscope.
Results

Fatty acid synthesis by mitochondrial preparations
The first objective of the investigation was to study the incorporation of [1-14C]acetate into fatty acids by mitochondrial preparations which showed good respiratory control of the phosphorylation ofADP, and had thereby satisfied one criterion by which their degree of intactness might be assessed. Mitochondrial preparations were therefore obtained both from avocado mesocarp and from cauliflower buds by the differential centrifugation procedure of Hobson et al. (1966) . The respiratory characteristics of these preparations are shown in Table 1 ; the oxidation of succinate by both preparations was subject to respiratory control by ADP, but neither preparation showed this respiratory control of the oxidation of citrate or pyruvate. Both preparations catalysed the incorporation of [1-14C]acetate into fatty acids, and both preparations incorporated more of this substrate into oleate than into any other fatty acid ( Table 2 ). The distribution of label amongst the fatty acids formed by both preparations was similar except that the cauliflower preparation incorporated a small amount of [1-14C]-acetate into linolenate and the avocado mesocarp preparation incorporated some of the radioactive substrate into lower-molecular-weight fatty acids (C12-C14). The 12000g supernatant from neither preparation had fatty acid synthetase activity, but when [1-14C]acetate was the substrate this fraction had a somewhat inhibitory effect on the incorporation of radioactivity into fatty acids by the crude mitochondria. Fig. 1 It seemed possible that these mitochondrial preparations could be contaminated with chloroplasts or plastid fragments, particularly as the preparation from avocado mesocarp was green. Electron microscopy showed that indeed this was the case; Plate 1(a) shows that the preparation from avocado mesocarp had a mixed population ofplastids and mitochondria.
Fatty acid synthesis by purified mitochondrial and plastidpreparations Because of the heterogeneity of the mitochondrial preparations they were subjected to further fractionation on a discontinuous sucrose density gradient, by the method of Baker et al. (1968) . Seven 2ml fractions were removed from the densitygradient separation of the crude avocado-pear mesocarp mitochondrial preparation and assayed for ADP-controlled respiration of succinate and for the incorporation of [1-14C]acetate into fatty acids (Fig. la) . Although the respiratory activity was predominantly in fractions 3 and 4, which contained the 1.2M-sucrose layer of the gradient, the highest incorporation of [1-14C]acetate into fatty acids was obtained with fractions 1 and 2, which contained 1.4-1.6M-sucrose. Electron microscopy of material from these fractions revealed, as is seen in Plates 1(b) and 1(c), that whereas fractions 1 and 2 contained plastids somewhat contaminated with mitochondria, fractions 3 and 4 contained the mitochondria, virtually free of plastids.
An analogous fractionation of the crude cauliflower mitochondrial preparation yielded similar results. As is seen in Fig. l(b Further evidence about the role of avocado plastids in fatty acid synthesis was obtained by assaying the synthesis of fatty acids by a plastid preparation obtained from avocado mesocarp by centrifuging the original homogenate at 2000g, as described under 'Methods'. Electron microscopy (Plate Id) showed that this preparation contained similar organelles to those present in the bottom two fractions of the sucrose-density-gradient preparation. Table 3 shows that this preparation incorporated [1-_4C]acetate into the whole range of fatty acids found in the avocado mesocarp. From these results it appeared that, contrary to the conclusion of Yang & Stumpf (1965) , fatty acid synthetase activity was located in the plastids of the avocado pear, and that the mitochondria, although possessing coupled respiratory activity, had no fatty acid synthetase activity. No evidence for the presence of a soluble fatty acid synthetase in the 12000g supernatant could be found. Both the preparations described above (Tables 2 and 3) Fraction no. Fig. 1 (Table 4a) . From these results it appeared that the fatty acid synthetase activity of the avocado mesocarp and of the cauliflower buds was present almost exclusively in the plastids. The fatty acid synthetase activity found in the 12000g supernatant of avocado preparations made in the Ato-Mix homogenizer could be ascribed to rupture of the plastids followed by the liberation of the enzyme system. Harwood & Stumpf (1972) have reported that the addition of acyl-carrier protein is essential for the demonstration of fatty acid synthetase activity in their 12000g supematant preparation from the avocado mesocarp. The effect of addition of E. coli acyl-carrier protein on the fatty acid synthetase activity of the 12000g supernatant of the avocado mesocarp homogenate and of the 105 OOOg supernatant of the disintegrated plastid preparation was therefore investigated. Whereas the 12000g supernatant showed no fatty acid synthetase activity when [2-'4C]malonyl-CoA was the substrate despite the addition of E. coli acyl-carrier protein, the soluble supematant of the disrupted plastids was demonstrably dependent on this cofactor (Table 5) . Vol. 146 Further investigation of the effect of acyl-carrier protein on the fatty acid synthetase activity released from disrupted plastids showed that maximal activity was obtained when 0.3mg of acylcarrier protein was added to each incubation mixture.
Synthesis offatty acids de novo
The remaining point to be investigated was whether the observed incorporation of [1-'4C] Table 6 show that the percentages obtained were near to those that would be predicted for synthesis de novo.
Substrates utilizedbyplastidsforfatty acidbiosynthesis
Although it was clear from the results in Table 4 that acetate was more efficiently incorporated into fatty acids than was acetyl-CoA, we decided to investigate the incorporation of other substrates which might give rise to acetyl-CoA and which might pass through the plastid membrane more The 12000g supernatant of the avocado homogenate and the plastid fragments were obtained by the procedure given in Table 4 . Mixtures containing 0.3 ml (0.513 mg of protein) of the 12000g supernatant or 0.3 ml (0.476mg of protein) of the 1050OOg supematant of the disrupted plastids together with 250nmol of malonyl CoA (0.O5,pCi), the amounts of acylcarrier protein shown and the cofactors given in Table 3 , in a total volume of 1.5 ml were incubated for 1 h at 30°C. Values given are the means of duplicates, which agreed to within 5%. Cofactor requirement for fatty acid synthesis by plastids The results presented in Table 8 show the effect of omission of one or other of the cofactors used on the incorporation of [1-14C]acetate into the various fatty acids by the avocado and cauliflower plastid preparations. The most pronounced features were the requirements for ATP, HC03-and Mn2+, absence of any of which caused a marked depression in the formation of all the radioactive fatty acids.
The observation that the omission of NADPH causes a smaller decrease in fatty acid labelling than omission of NADH is of some interest. The omission of individual cofactors appeared to affect the biosynthesis of most of the fatty acids equally.
Variation of incorporation of [1_14CJacetate inlto individualfatty acids
The relative increase in the 14C content of the individual fatty acids during the course of incubations was found to be similar with both avocado mesocarp and cauliflower-bud plastid preparations. Early in the incubation most of the radioactivity incorporated into fatty acids was in ['4C]palmitate but later ['4C]oleate was the principal radioactive fatty acid (Fig. 2) .
The effect of ultrasonic rupture of the plastid preparation on the distribution of radioactivity among the fatty acids obtained from [1-14C]-acetate is shown in Fig. 3 Table 4 , and the mitochondrial preparation was made by the method of Baker et al. (1968) (see under 'Methods') . Radioactive substrates (400nmol, 0.5,uCi) were incubated with the buffer and cofactor mixture given in The plastid fractions were obtained by the procedure given in Table 4 and were incubated for 1 h at 30°C with 400nmol (0.5pCi) of [1-_4C] acetate, the complete system being as given in Discussion The results presented above show that subcellular fractionation of disintegrated avocado mesocarp or cauliflower-bud tissue on a sucrose density gradient resulted in the separation of a dense particulate fraction which had fatty acid synthetase activity. This fraction was clearly resolved from the mitochondrial fraction which, although it showed controlled respiration, had little fatty acid synthetase activity. No fatty acid synthetase could be detected in the cytoplasmic fraction remaining in the supernatant after centrifugation of the homogenate at 12000g, even when [2-'4C]malonyl-CoA was used as the substrate and incubations were fortified by the addition of E. coli acyl-carrier protein.
The large particulate fractions from both the avocado mesocarp and the cauliflower buds, although somewhat different from each other, were found by electron microscopy to have the morphological features of plastids or proplastids. The biochemical characteristics of these two preparations were similar, but different in some significant features from those of other fatty acid synthetase preparations obtained from the same two tissues (e.g. Barron et al., 1961; Mazliak et al., 1972) . The two salient biochemical features of fatty acid synthetase preparations described in the present paper concern the substrates they used and the fatty acids they produced. Acetate was the preferred substrate for both plastid preparations studied in the present [1-_4C] acetate into the fatty acids of the avocado plastids corresponds closely to the fatty acid composition of the organelle the correspondence between 14C fatty acids formed and the fatty acid composition of the cauliflower proplastids is not so close. The cauliflower plastids contain a much higher proportion of C18 polyunsaturated acids but most of the radioactivity from [1-14C]acetate was found in octadecenoic acid (Table 4) . It seems that the preparation studied has a relatively poor capacity to form these polyunsaturated fatty acids for, as is seen in Fig. 2(b) , there is little increase in the radioactivity present in these fatty acids after incubation times of up to 2h.
The morphology of the crude mitochondrial fraction obtained by differential centrifugation and the plastid and mitochondrial fractions obtained by sucrose-density-gradient centrifugation was shown by electron microscopy to be very similar to that of fractions obtained from avocado mesocarp by Baker et al. (1968) Mazliak et al. (1972) have reported the results of a study of the fatty acid synthetase activity of a homogenate obtained from cauliflower buds with a 'Moulinex' grinder, fractionated by differential centrifugation. A mitochondrial preparation apparently similar to that used for theexperiments described in Table 2 of the present paper was obtained, which showed coupled respiration and which was said to contain mainly mitochondria. Malonyl-CoA was the preferred substrate and the major product was stearate. It is significant that there was no incorporation of radioactivity into linolenate although the preparation contained an appreciable amount of this acid. Octadecenoate was formed, but it is of considerable interest that the specific radioactivity of this acid varied inversely with the proportion of mitochondrial protein present in the incubation. It is suggested that these results of Mazliak et al. (1972) may be attributed to the whole and disrupted plastid content of the mitochondrial preparation which would form octadecenoate and stearate respectively from malonyl-CoA.
The general concept that plastids are the principal site of fatty acid biosynthesis in higher plants is in accord with the observations on the fatty acid biosynthesis by chloroplasts reported by, for example Smirnov (1960 ), Stumpf & James (1963 and Boardman & Stumpf (1970) . It is, however, of particular interest that Zilkey & Canvin (1969) were able to obtain a homogenate of the castor-bean (Ricinus communis) endosperm that on sucrose-densitygradient centrifugation, showed fatty acid synthetase activity to be associated with large particles clearly separated from the mitochondria, which were characterized by high succinoxidase activity. Again the principal radioactive fatty acid formed was oleate; the substrate used was [1-'4C] [14C]acetyl-CoA into fatty acids is due to low permeability of the plastid membrane it is surprising that the same membrane should be permeable to the unacetylated thiol. The apparent permeability of the plastids to NADH and NADPH is less surprising, for avocado and cauliflower mitochondria were also found to be permeable to these two cofactors.
In conclusion it seems pertinent to recall the remarks of de Duve (1967) : 'Homogenization is the necessary prerequisite of all mass-fractionation experiments. It results in considerable loss ofmorphological information but such is the price we pay for being able to apply henceforth the innumerable techniques of biochemistry. Our problem is to conduct the operation in such a manner as to lose no moreinformation than is needed, whilemaking what is left retrievable with as little distortion as possible'. It is the contention of the present authors that when appropriate methods are developed for the homogenization of other tissues of higher plants, which can be shown not to rupture an appreciable portion of any plastids that may be present in such tissues, it is likely that fatty acid synthetase activity will be found to be present in these organelles.
